A time-domain spectroscopic technique, based on the generation and detection of a collimated beam of subpicosecond broadband terahertz pulses, is used to measure the absorption and dispersion of n-and p-type silicon, with resistivities of 0.1, 1, and 10 Q cm in the submillimeter range of 0.1 -2 THz. From the transmission measurements performed at room temperature and at 80 K, the absorption and dispersion, and concomitantly the full complex conductivity, of the doped silicon could be obtained. 
INTRODUCTION
For several decades physicists have studied the dynamics of carriers in semiconductors. A very interesting region for this study is the far-infrared or submillimeter region, where the frequency of the electromagnetic radiation is comparable to the carrier damping rate. ' Unfortunately, this region is difficult to reach with available sources. In the microwave range below 100 GHz semiconductor samples have been investigated through insertion in oversized waveguides.
In these experiments it is important that the sample fits tightly in the waveguide, a situation that is never perfectly fulfilled, although the use of a circular TE&& mode reduces the problem dramatically. A second complication is the variation in load experienced by the microwave source due to the rejections from the sample. Therefore, other groups have used horn-shaped transmitters and receivers to couple the microwave field into free space. However, microwave techniques in general have the disadvantage that they are done at one single frequency or at best over a narrow frequency band. With the we11-developed technique of classical far-infrared spectroscopy the high-frequency (above 2 THz) behavior of semiconductors has been thoroughly investigated. ' ' However, for moderate doping, the strongest absorption of the free carriers lies below 2 THz, where classical far-infrared spectroscopy becomes difficult and time consuming, though some excellent studies have been performed. ' Consequently, the investigation of the most important frequency range from 0.1 to 2 THz has remained incomplete.
Recently a new system has become available for spectroscopic studies in the range from 0.1 to 2 THz. Fig. 2(a) . The corresponding amplitude spectrum of this 0.5-ps full width at half maximum (FWHM} pulse is presented in Fig. 2 (c) and illustrates the 2-THz bandwidth available for spectroscopy.
The available frequency range proved to be ideally suited for the study of moderately-doped silicon at room temperature. However, on cooling down to 80 K the carrier dynamics becomes considerably slower and the interesting spectral features shift to lower frequencies. The small and fast antennas we used at room temperature are not efficient enough at low frequencies, and our first measurements were very noisy. We therefore changed the receiver to a structure similar to that shown in Fig Fig. 3 Fig. 3(b) . The multiple refiections are responsible for the oscillations in the frequency-dependent transmission of the wafer. Similar oscillations are also observed in the effective index of refraction obtained by division of the phase shift of the transmitted spectral components by the thickness of the wafer, which is plotted in Fig. 3(c) Fig. 4 (c) and the imaginary part is shown in Fig. 4(d) . The real part of the conductivity is strongly frequency dependent, dropping monotonically from its dc peak to the reduced value at the highestmeasured frequency of 2 THz. In Table I the dc conduc- Table I . The slower carrier dynamics is rejected in the strong reduction in damping rate I. The decrease in plasma frequency signifies a reduction in carrier density N related to carrier trapping at the dopant. For all the samples the measured decrease in N agrees well with that calculated due to the change in temperature and the corresponding shift of the Fermi level, using a value of 45 meV for the ionization energy of both the phosphorus dopant used in n-type silicon and the boron used in p-type silicon. ' The quality of the Drude fit for the cold samples is not as precise as for the room temperature samples. The deviations are best observed for the p-type material. For the 10 0 cm silicon the index of refraction dropped more than expected and did not show the usual increase towards low frequencies [Fig. 6(b) ], perhaps due to the large increase in noise below 0.1 THz. For the 1 0 cm, p-type silicon (Fig. 7) , the measured absorption at high frequencies is larger than predicted by the Drude model, while it is slightly less at lower frequencies. Additionally, the measured rninimurn in the index of refraction, plotted in Fig. 7(b) , comes at a lower frequency than expected from the Drude model. For the more heavily doped 0.1 Q cm silicon the same deviations from the Drude Inodel show up, but are more severe (Fig. 8) ' ' ' In these models the carrier relaxation is split into both intervalley and intravalley phonon scattering and scattering with the ionized impurities. Additionally, the interaction with the lattice is split into scattering from acoustic phonons and optic phonons. The many parameters involved make these extended models complicated to work with. Consequently, as a first-order approximation, we have analyzed our data with the more transparent simple Drude model.
We will now discuss the qualitative changes resulting from the energy dependence of the carrier relaxation.
Theory predicts ' ' that the efficiency of electronphonon collision increases with the carrier energy to the power 0.5, because the mean free path for electronphonon interaction is independent of carrier energy. In contrast, the carrier scattering from ionized impurities is more efficient at lower energies, scales roughly as the carrier energy to the power -1.5, and will dominate at low temperatures. ' ' The damping rate of carriers with energy E relative to the extreme of the band is thus given by PE)=1',(E/kT ) +I;(E/kT ') 
